The length of the hydraulic jump on the basis of physical and numerical modeling. The outcomes of physical and numerical modeling of the sluice gate outfl ow are presented. The measured velocity distributions in verticals of a physical model were compared with results of numerical modeling, obtained using ANSYS Fluent software. The research goal was verifi cation of suitability of the computational fl uid dynamic (CFD) approach in determination of the hydraulic jump length at the outfl ow of the fl ow control structure. Studies were performed for the model of the sluice gate and stilling basin with two setups of baffl e blocks: in one and two rows. The jump lengths were estimated by an analysis of vertical velocity profi les at the outfl ow. Two rows of baffl e blocks in the stilling basin allowed to reduce the length of the hydraulic jump by 5-10%, comparing to the length with the single row of blocks. The computational fl uid dynamic approach underestimated the length of the hydraulic jump by 4-7%, comparing to the physical model.
INTRODUCTION
Many studies were devoted to the problem of a hydraulic jump being a transition from the supercritical (rapid) to subcritical (tranquil) fl ow, because of its practical importance. In civil engineering the hydraulic jump is used to dissipate stream energy. It is usually, so called, the submerged hydraulic jump, maintained in the stilling basin downstream the fl ow control device. A design of such outfl ow structures accounts for conjugate depths: fi rst (h 1 ) and second (h 2 ) and a length of the hydraulic jump (L 0 ).
The length of the hydraulic jump (L 0 ) is measured starting from a cross section of the fi rst conjugate depth (h 1 ). However, the ending cross section is diffi cult to identify. It is because of high turbulence intensity in the hydraulic jump and immediately downstream it, resulting in continuous changes in properties of the water stream (Wu and Rajaratnam 1996 , Habibzadeh et al. 2016 , Kozioł et al. 2017 . Hager et al. (1990) proposed classifying the cross section with stagnating water at the surface as the end of the hydraulic jump. So called the length of the water roller is measured between the fi rst conjugate depth and such a cross section. Such a defi nition seems to be the most appropriate, as by this way the length can be easily and objectively determined.
There are many empirical formulae for the length of the hydraulic jump (Čertousov 1962 , Hager et al. 1990 , Bessaih and Rezak 2002 , Kisiel 2005 , Gupta et al. 2010 . These formulae are usually based on simple relationships involving conjugate depths h 1 i h 2 , Froude number Fr 1 in the cross section of the fi rst con-jugate depth and various empirical coeffi cients. Urbański (2008) provided a review of chosen methods of the water roller length (L 0 ). Formulae apply mostly for the unsubmerged hydraulic jump appearing in a rectangular channel with fl at bottom. Less often the submerged hydraulic jump was considered, which properties are being shaped by energy dissipation devices at the outfl ow. Submergence affects the fl ow structure of the jump and reduces it length (Urbański 2008) . The effect of baffl e blocks at the outfl ow on the length of the hydraulic jump is still poorly recognized. Such baffl e blocks, made of concrete of appropriate shapes with incline face surfaces allow reducing the hydraulic jump length by almost 48%. Urbański (2015) showed for the submerged jump in the stilling basin that it is possible to reduce the length of the jump by 7-8% with a single row of baffl e blocks and by 15-19% with two rows.
Polish Regulation of the Minister of the Environment of 20 April 2007 on technical conditions are to be met by hydrotechnical constructions and their location in the paragraph 78, point 2 specifi es that for the fl ow control structures of I and II class it is necessary to perform modeling of a discharge characteristic of outfl ow and energy dissipating devices. Construction of physical models for all design variants is laborious and expensive. As an alternative, the numerical modeling can be considered, because of its fl exibility allows to obtain the result in shorter time with lower costs. Experimental data is still required for verifi cation of numerical models and evaluation of their suitability in a certain problem.
The present study provides results of physical and numerical modeling of the fl ow at the weir outfl ow with a stilling basing and baffl e blocks. Experimental studies in a hydraulic laboratory allowed to obtain vertical profi les of the stream velocity at the outfl ow. The observations were compared with the output of the numerical modeling, performed using computational fl uid dynamic (CFD) solver ANSYS Fluent. The length of the hydraulic jump was assessed using obtained velocity distributions. The goal of the research was an evaluation of a suitability of the CFD modeling in an estimation of the length of the hydraulic jump downstream the sluice gate, in a stilling basin with baffl e blocks.
METHODS

Physical model
Research was performed for the physical model of a sluice gate (Fig. 1a ) in a rectangular fl ume, wide for B = 1.0 m. The opening height of the gate (a) was adjusted during each experiment. The submerged hydraulic jump was maintained in the stilling basin with a different setup of baffl e blocks: in a single row (Fig. 1b) and two rows (Fig. 1c) . During each experiment the water head upstream, the gate (H) and the outfl ow depth (h) were kept constant. Hydraulic properties of the stream for three analyzed fl ow rates (q) are given in Table 1 .
Baffl e blocks of shapes shown in Fig. 1a were determined according to guidelines provided by Peterka (1978) , where the block height (h s ) is conditioned on Froude number 1 1 1 q Fr h gh in a cross section of the fi rst conjugate depth (h 1 ). At the design fl ow for sizing and spacing of blocks, the lowest analyzed fl ow rate of q = 0.049 m 3 ·s -1 (Fr 1 = 5.7) was used. The fi rst conjugate depth was found on the basis of a minimum depth of the contracted stream downstream the sluice gate and calculated as h 1 = εa, where ε denotes the contraction coeffi cient. According to Żukowski (after Kisiel et al. 2003) , the contraction coeffi cient depends on the ratio a to H.
The second conjugate depth was calculated using: It was assumed that the hydraulic jump ending section is the fl ow stagnation point, with the zero longitudinal velocity at the surface. The position of this section was found on the basis of measured velocities at the outfl ow (Urbański 2008) . The measurement verticals were localized in an axial plane of the fl ume along the stilling basin and horizontal bottom at the outfl ow (Fig. 2) . Measurement points were arranged as follows: p 1 1 cm above the bottom, p 2 0.2h w above the bottom, p 3 -0.5h w , p 4 -0.7h w , and p 5 2 cm bellow a water surface. In verticals localized in baffl e blocks sections, the velocity was measured in three points. The stream depth (h w ) at the outfl ow was varying and measured in each vertical using a pin gauge.
The velocity was measured using an electromagnetic sensor PEMS with sampling interval of 0.1 s. Instantaneous velocities in each point were measured for 120 s, resulting in time series consisting of 1,200 elements. Values were averaged, obtaining mean values v m , which were used to produce a vertical velocity distributions. Velocity profi les allowed to identify the velocity stagnation line (Bogomolov and Michalov 1972) near the hydraulic jump and by the extrapolation also the stagnation point at the surface. This point was used as the position of the ending section of the hydraulic jump.
The length of the hydraulic jump was determined as the difference between the distance from the sluice gate to the stagnation point (L w ) and the length of the supercritical stream downstream the gate, reduced by the gate thickness z = 5 mm: (Fig. 2) . The L s = 2.5a was determined according to the "Guidelines the design of water drainage systems -weirs" (1970) for the sluice gate fl ow without a weir. The submergence ratio of the hydraulic jump (σ z ) was calculated using the following formula (Dąbkowski et al. Table 1 .
Numerical model
The numerical model was performed on the basis of the physical model geometry, using the CFD software of ANSYS Fluent. The open channel fl ow was described using the volume of fl uid approach with the Reynolds-averaged Navier-Stokes equations ( Table 2 provides the lengths of the hydraulic jump determined using physical and numerical modeling. The setup of energy dissipation devices is marked as follows: Sz1 -stilling basin with baffl e blocks in the single row, Sz2 -stilling basin with baffl e blocks in two rows. The results indicate that two rows of baffl es blocks in the stilling basin reduce the length of the hydraulic jump by 5-10% comparing with the single row setup of baffl e blocks. The term Table 2 is a ratio of the jump length computed using the CFD approach to the length obtained on the basis of the experimental data. The ratio values were within the range of 0.93-0.96, denoting that hydraulic jump lengths obtained using the CFD approach were underestimated by 4-7%.
CONCLUSIONS
The analysis of results of physical and numerical modeling, which goal was to verify the suitability of the CFD approach in determining the hydraulic jump lengths in the stilling basin with baffl e blocks, allowed to draw the following conclusions:
The length of the hydraulic jump at the outfl ow of the control structure is diffi cult to determine, because of complex structure of the stream, affected by intensive turbulence. Identifi cation of the beginning and ending sections of the hydraulic jump is a diffi cult task. Two rows of baffl e blocks in the stilling basin allowed to reduce the length of the hydraulic jump by 5-10%, 1.
2.
comparing to the length with the single row of blocks. The CFD approach underestimated the length of the hydraulic jump by 4-7%, comparing to the physical model. The application of the numerical CFD model to analyze the kinematic structure of the stream at the outfl ow of the fl ow control structure is justifi ed. However, the obtained differences in numerical and physical models for two setups of energy dissipation devices suggests that the fi nal design of the construction should be verifi ed on the basis of physical modeling.
